Introduction
While the structure, organisation, and composition of fish # skin has attracted the attention of researchers for a long time, information on skin development is very poor. To date, virtually nothing is known of fish skin development and patterning at the molecular level, despite the fact that numerous molecular tools have been available for several years, in particular for the two current fish models, the zebrafish (Danio rerio), and the medaka (Oryzias latipes). This contrasts sharply with the long-lasting interest in skin development in amniotes, and the numerous studies resulting from it: molecular data have particularly accumulated in avian and mammalian models of skin and appendage development, feathers and hairs (see the specific chapters in the present issue).
During the first half of the last century most studies on fish skin have been limited to morphological descriptions of structural diversity, usually in relation to the environment of the fish. From the sixties onwards, the introduction of the electron microscope has induced some authors to investigate the structure of fish skin (mainly epidermis), as well as scale structure and development (Sire, 1987) . However, apart from one study dealing with skin development (Nadol et al., 1969) , all descriptions concerned features of adult skin.
Previous studies dealing with scale development in a cichlid (Hemichromis bimaculatus) and in the zebrafish (Sire and Géraudie, 1983; Sire et al., 1997 ; see also the paper dealing with scale development (Sire and Akimenko, 2004) have shown that the developmental processes leading to scale morphogenesis # In the present paper the word "fish" is used for convenience to refer to actinopterygian fish only and teleosts in particular. Otherwise, fish is a polyphyletic term that includes all living, non-tetrapod vertebrates (lampreys, sharks and rays, actinopterygians, coelacanths and lungfishes) and hagfish.
start late during ontogeny (approximately 30 days post-fertilisation (dpf) in 8 mm SL zebrafish). Several intriguing findings need to be examined further. Indeed, during the larval period that precedes scale formation, the subepidermal collagenous stroma, which constitutes the anlage of the dermis, remains strictly acellular. Fibroblast-like cells (among which are the precursors of the scaleforming cells) next invade the collagenous stroma shortly before the first elements of the scale are deposited. Three questions remain unanswered so far: (1) which cells (epidermal, mesenchymal, or both) are responsible for the deposition of the collagenous stroma in the subepidermal region during the first days of development? (2) How is the collagenous matrix organised into a plywood-like structure during ontogeny? (3) What is the origin of the cells that secondarily invade the well-organised collagenous stroma? In the present paper we first briefly review the current knowledge on fish skin structure and development. In an attempt to answer the two first questions, we then provide original results on zebrafish skin development.
An overview of the current knowledge of fish skin

Structure and organisation
The integument is the outer protective barrier that separates the animal from its aquatic environment. The skin encases the body tightly and fulfils several important functions, among which maintaining the body shape, protecting the fish from shocks and various foreign attacks, improving hydrodynamics, and housing sensory functions that are essential for its survival. The structure, organisation and function of the epidermis (which shows a higher structural diversity than the dermis) has interested researchers for a long time, and a large number of descriptions is available (among others: review in Whitear, 1986) . The fish skin is composed of three compartments: epidermis, dermis and hypodermis.
The pluristratified epidermis only comprises living cells, in contrast to terrestrial vertebrates which are covered by an outer layer of dead, keratinised cells. Keratinisation is uncommon in fish. It occurs only in specific sites that are subjected to abrasion, such as adhesive organs, lips and pads, and the epidermal surface of some species capable to emerge from the water (Whitear, 1977 (Whitear, , 1986 . In the adult, the epidermis is composed of several regions, in which the cells have distinctive functions. The superficial stratum is composed of a single cell layer, the outer surface of which is ornamented with microridges. These ornamentations form a pattern that is species-specific (Fishelson, 1984) . This ornamentation that retains the mucous substances secreted at the skin surface (Hawkes, 1974; Fishelson, 1984) helps in protecting the fish against bacterial, fungal and parasite attacks. In addition, in providing a larger epidermis surface the microridges probably improve the efficiency of the secretion at the cell surface (Whitear, 1970 (Whitear, , 1990 . The upper cell layer, through its rich content in microfilaments, probably keratin filaments, also ensures the animal with protection against osmotic shocks, as shown during wound healing (Quilhac and Sire, 1999) . These outer epidermal cells are not renewed periodically, but are individually replaced when dead. A variable number of cell layers constitute the intermediate stratum, which involves various specialised cell types: unicellular mucous glands (the mucous goblet cells), which produce antifungal and antibacterial substances included into the mucus; club cells that are supposed to produce alarm substances, e.g., in ostariophysan teleosts (Pfeiffer et al., 1971) ; sensory cells (review: Whitear, 1986) . In some species the epidermis, and probably the mucous cells, produce anti-freeze proteins (Murray et al., 2002) . Most cells of this intermediate region remain, however, undifferentiated. They serve as a reservoir to replace dead cells in each of the epidermis regions and they can divide rapidly when necessary, during wound healing for instance (Quilhac and Sire, 1999) . The third, deep region of the epidermis is composed of a single cell layer (the basal layer), the main function of which is to keep the epidermis attached to the underlying dermis by means of anchoring structures (hemidesmosomes) attached to the basement membrane. During skin development these basal layer cells fulfil, however, additional functions: (1) they are involved in the production of the early collagenous stroma of the dermis (see the second part of this article), (2) they interact with the underlying mesenchymal cells to initiate the development of the various elements of the dermal skeleton (scales, fin rays and various dermal bones: see review in Sire and Huysseune, 2003) , and (3) they are probably involved in the deposition of epidermal substances at the surface of the posterior region of the scales. This epidermal organisation into three strata is invariably the same in all teleost fish species. Variations in thickness and cell composition of the epidermis concern the intermediate region only, and is related to the ecological adaptation of the species. A thin epidermis is the rule in pelagic fish, while benthic fish possess a thick intermediate region able to produce a high quantity of protective substances and to replace dead cells rapidly. In addition, the epidermis is penetrated by nerve fibres. They are either free endings or associated with differentiated epidermal cells of sensory nature, the neuromasts and, most frequently in teleosts, the taste buds (Whitear, 1971a, b) .
In the majority of the circa 26,000 teleost species (FishBase, 2002) the well-differentiated dermis contains elasmoid scales. In a few species, such as the gasterosteiforms, it houses dermal plates (bony scutes) and, in some species, there are no hard tissues at all (e.g., the naked catfish). The dermis can be divided into two regions. The superficial region (stratum laxum) is composed of a loose collagenous matrix housing numerous fibroblasts, nerves, some pigment cells, and scales (with a role in protection and hydrodynamics: Burdak, 1979; Sire, 1986) . The skin being an accessory respiratory surface, the upper layer of the dermis is most strongly vascularised, particularly around the scales. The deep region (stratum compactum) is characterised by a dense, plywood-like organisation of the collagen matrix, in which some fibrocytes are interspersed. This region is penetrated in some places by vertical bundles of collagen fibrils. In naked species, such as a number of catfishes, the dermis is principally composed of densely packed collagen fibres and is thicker (0.6 to 2.0 mm) than in scaled species (e.g., less than 0.2 mm in zebrafish). The thick dermis of naked fishes has been found to be of interest to the leather industry (Junqueira et al., 1983a, b) . The primary function of the particular, plywood-like organisation of the collagenous matrix is undoubtedly to strengthen the thin skin to protect the fish against splitting under tensile force. A second interesting function of a plywood-like organisation could be to render the upper region of the fish skin transparent. Indeed, this dermal organisation is analogous to the lamellar structure of the corneal stroma, which is an essential requirement for the high transparency of this tissue. In fish skin, by contrast to birds and mammals, most chromatophores, which play a predominant role in behavior, are located below the collagenous stroma. A high transparency of the dermis therefore seems important for the activity of the pigment cells. Initially, the subepidermal region of the fish skin, characterised by a plywood-like organisation of the collagen fibrils, was called "subepidermal collagenous lamella" (Fujii, 1968) and even renamed "basement lamella" (Nadol et al., 1969) . This collagenous stroma constitutes the first deposited matrix of the future dermis, and in order to avoid confusion with the basement membrane, we suggest to use "collagenous dermal stroma " for the larval and early juvenile skin and "stratum compactum" instead of "basement lamella" for the adult skin.
The hypodermis (or subcutis) separates the inner face of the dermis from the subjacent muscle cells. In a well-differentiated skin, the hypodermis is composed of a space containing loosely organised collagen, chromatophores (melanophores, iridophores and xantophores), vasculature and a variable number of fat storage (adipose) cells, depending on the species. This hypodermis is bordered, on both sides, by a single layer of fibrocyte-like cells (so far of unknown origin) joined by cell junctions. Whitear and colleagues (1980) have proposed to call such a layer a "dermal endothelium". The deep surface of the hypodermis is interrupted at the level of each myoseptum. A basement membrane separates the epidermis from the dermis and, facing the outer fibrocyte-like layer of the hypodermis, the deep surface of the dermis is lined by a dense zone, resembling a basement membrane (Whitear et al., 1980) .
Fish skin collagens
Several genes encoding collagens have been identified in fish:
type I (Morvan- Dubois et al., 2002; Saito et al., 2001) , type II (Lele and Krone, 1997) , type V/XI (Touhata et al., 2001 ) and type XVIII (Haftek et al., 2003) . The number of published sequences is still limited, but additional sequences are available in databases. The comparison between fish and tetrapod collagen sequences indicates that the main characteristics of collagens were conserved during vertebrate evolution. In skin and intramuscular connective tissue of fish, type I and type V collagens have been identified as major and minor collagen respectively (Kimura et al., 1988; Sato et al., 1989; Yata et al., 2001; Zylberberg et al., 1992; Le Guellec and Zylberberg, 1998) .
Compared to tetrapod, fish collagens show two peculiarities: (1) The gene coding for type III collagen, which is known to be associated to type I collagen in the skin of other vertebrate lineages (Keene et al., 1987) , has not been found until now in the fish genome. (2) Besides the classical collagen type I α1 and α2 chains assembling to a heterotrimer (α1)2α 2 , fish skin collagen type I has been reported to contain a third chain, α3, leading to an α1, α2, α3 heterotrimer (Kimura, 1985; . This α3 chain is widely distributed in teleosts, but does not exist in sharks and lampreys and has not been found in some teleost species such as the fugu (Takifugu rubripes) (Nagai et al., 2002) . The genes coding for the α1, α2 and α3 chains of collagen type I have been cloned and sequenced in fish (trout and zebrafish) (Saito et al., 2001; Morvan-Dubois et al., 2002 . The analysis of the molecular evolution of these various chains indicates that the α3 chain is derived from a duplication of the α1 gene that has occurred probably in the actinopterygian lineage Morvan et al., 2003) . The collagen type III α1 chain has probably been lost in this lineage. However, the structural significance of the collagen type I α3 chain in teleost skin remains to be clarified.
Fish skin development: a virgin field of research Cell fate studies in the zebrafish have shown that the epidermis differentiates from an epidermogenic cell population of the embryonic ectoderm, along with neurogenic cell populations giving rise to the central nervous system and the neural crest (Schmitz et al., 1993) . The dermis derives from the paraxial mesoderm (dermatome region), except for the head region, where it derives from the (ecto)mesenchyme of neural crest origin. In embryos (at 90% epiboly) the epidermis consists of a single layer of more or less polarized cells covered by an external,"enveloping" layer, the periderm. The epidermal cells fuse at the midline approximately at 14-somite stage (Schmitz et al., 1993) .
Some questions remain unsolved so far. How is the transition achieved, in the early stages of skin development, from two cell layers towards the typical epidermis composed of three strata? What is the fate of the periderm? Does it disappear as in birds and mammals during the last period of development? Does the intermediate region, which seems to appear secondarily and which possesses undifferentiated cells, contain stem cells?
The skin in embryos and young larvae is very thin (less than 10 µm thick). In consequence, only transmission electron microscopical studies can provide an accurate morphological description of the early development of the epidermis and dermis.
Working on the skin of embryos and larvae of Fundulus heteroclitus, Nadol and colleagues (1969) have described the deposition of the collagenous stroma of the dermis as an "adepithelial basement lamella". The first deposited collagen fibrils seem to be inserted into the lamina densa of the basement membrane, and offer a mean by which the dermis firmly supports and binds the epidermis. These authors suggest that the fibroblasts, which are located only below the collagenous stroma in Fundulus larvae, synthesize the collagen matrix. This interpretation does not fit with the observation that the deeper surface of the collagenous stroma is very poor in fibroblasts at the onset of the collagen deposition in the subepidermal space.
Skin development in zebrafish (Danio rerio) with particular attention to collagen deposition in the dermis
In the second part of this paper, we will focus on (1) the formation of the collagenous stroma, its progressive organisation and its remodelling through ontogeny, and (2) the cells responsible for the synthesis of this extracellular matrix. To achieve these aims we have used a growth series of zebrafish, and we have studied skin development using a combination of conventional transmission electron microscopy (TEM) and in situ hybridisation, both at the light and TEM level, using a probe of collagen type I α2 chain (Morvan-Dubois et al., 2002) .
Results
The following description of skin development in the zebrafish is based on transverse sections of the caudal peduncle, at the level of the anal fin region. We are aware that the features of the zebrafish skin morphology in embryos, larvae, juveniles and The sections are perpendicular to the antero-posterior axis, except for figures 1J, 3E and 3K, which are from sections made at an angle of 45° to this axis. Some light micrographs of transverse sections through the anal fin region are presented at various stages to follow the changes occurring in this region of the body during ontogeny. In all TEM micrographs, the body surface is on the left. adults can differ in the other regions of the body, both temporally (variations due to skin differentiation progressing from anterior to posterior) and spatially (variations due to regional differences in skin composition in embryos and young larvae, e.g. in the head, the general cavity, the yolk sac, and the developing fins).
Organisation and remodelling of the collagenous matrix throughout ontogeny
First collagen fibril deposition in late embryos
The skin (epidermis, dermis and hypodermis) starts to differentiate at 24 hpf. Before this stage, i.e. from 15 hpf, the body of the embryos is surrounded by two layers of epithelial cells covering some undifferentiated mesenchymal cells. The limit between the two tissues is sometimes difficult to recognize as there is no clear boundary between the epithelial and mesenchymal cells (not shown). In 24 hpf embryos, the epithelium is about 4 µm-thick and composed of two cell layers hardly distinguishable at the light microscopic level (Fig. 1A) : a superficial layer, the so-called enveloping layer, and a basal layer (Fig. 1C) . Numerous desmosomes connect the epithelial cells within each layer and between the two layers. The epithelial cells are poor in organelles, and only a few ribosomes, cisternae of the rough endoplasmic reticulum (RER) and mitochondria are visible. A thin, 0.2 µm-thick, subepidermal space, which contains a loose collagen matrix, is observed immediately below the basal epidermal layer ( Fig. 1 B,C) . The organisation of the collagen matrix is irregular, depending on the regions of the body (compare Fig. 1 B,C) . In some areas, the collagen matrix is not distinguishable, while in other places, it fills a subepidermal space not thicker than 1 µm. An often fragmented and sometimes hardly visible basement membrane is observed along the epithelial surface facing the subepidermal region. The collagen fibrils are either cross sectioned or parallel to the section plane depending, again, on the region of the body (Fig. 1 B,D) . This indicates that, in a particular region all collagen fibrils are oriented parallel to each other and to the epithelial surface (Fig. 1C) . The fibril diameter is 22 nm, with irregular space in Fig. 2 . Thickening of the primary dermal stroma. (A-C) 72 hpf, (D,E) 96 hpf and (F,G) 120 hpf larvae (5 days pf), (H) 7 dpf larvae. (A) The epidermis is underlined by a thin subepidermal space that separates the skin from the muscle cell surface. The arrowhead points to the region detailed in Fig. B. (B) Detail of the skin region (arrowhead in Fig. A) . The subepidermal space between the epidermis and the muscle cells is enlarged. A basement membrane (arrow) is present below the surface of the basal epidermal cell. The collagenous stroma is denser than in the previous stage. It is composed of thin fibrils arranged mostly parallel to the section plane with, however, some fibrils sectioned at a right angle with the former. (C) In the anterior region, most of the collagenous stroma is composed of fibrils transversely sectioned, i.e. parallel to the antero-posterior axis of the fish, and irregularly spaced. (Fig. 1D) . The subepidermal space is often artefactually enlarged during the fixation process, a feature indicating a weak connection between the epidermis and the surface of the differentiating muscle cells. A few hours later, at 32 hpf, the subepidermal space is enlarged and a well-defined, uninterrupted, basement membrane is formed. The collagen fibrils of the subepidermal space are more regularly organised and form the initium of the collagenous stroma of the dermis (Fig. 1E) , that we propose to name the primary dermal stroma.
At hatching (48 hpf), the skin of the embryo is still composed of two epithelial cell layers (Fig. 1 F,G) , and of a primary dermal stroma that is continuous. This primary dermal stroma is thicker than before (0.5 µm), and its thickness however still varies depending on the body regions. In some areas, melanophores are located in the deep dermis (Fig. 1G) . The basal epidermal cells show a welldeveloped network of RER indicating a more intense activity in protein synthesis compared to the previous stage. The collagen fibrils have the same orientation, organisation and diameter (22 nm) as described at 24 and 32 hpf. In an oblique section, both longitudinally and cross-sectioned collagen fibrils are observed, but no particular organisation can be distinguished (Fig. 1J) . The lamina lucida and lamina densa of the basement membrane are (Nadol et al., 1969) , are present in the lamina lucida of the basement membrane (Fig. 1I) . Opposite the epidermal cell surface, the muscle cells are well-differentiated, and no fibroblast-like cells are observed lining their surface, the primary dermal stroma being in close proximity of the muscle cells. At 58 hpf, the cytoplasm of the basal epidermal layer cells is enriched with mitochondria, RER cisternae and secretory granules containing a thin fibrillar material. Some of these granules are seen merging to the cell membrane facing the subepidermal space (Fig.  1K) . Some isolated fibroblast-like cells, which we call from now on dermal endothelial cells, are observed at the surface of the muscle cells.
Thickening of the primary dermal stroma during larval stages At 72 hpf, the skin of the larvae has not changed much compared to the previous stage ( Fig. 2A) . In the two epidermal layers the cells now contain bundles of microfilaments (Fig. 2B) . New matrix has been added to the primary dermal stroma of the dermis, but the diameter of the collagen fibrils (22 nm) has not changed. In other regions of the skin the organisation of the collagen fibrils has been slightly modified, in that two orientations of the fibrils are observed, at a right angle to each other (Fig. 2B) . Except rare pigment cells, no other cells are visible within the primary dermal stroma. In some areas, scarce, flat and elongated, dermal endothelial cells line the surface of the muscle cells. The granular material observed in the lamina lucida of the basement membrane is abundant (Fig. 2C) .
At 96 hpf (4 dpf) the epidermal basal layer cells are still rich in organelles, while new collagen fibrils have been added in the primary dermal stroma (Fig. 2 D,E) . Also, dermal endothelial cells are more frequently observed at the muscle cell surface, lining the deep surface of the collagen matrix (Fig. 2D) .
In 5 dpf (120 hpf) larvae some changes are observed in the structure of the epidermis and the dermis. The basal epidermal layer cells are more flattened and their cytoplasm is more electron dense than before. These cells are relatively poor in organelles, but large bundles of microfilaments are visible, especially in the region facing the dermis where they are anchored to the cell membrane by hemidesmosomes. The basement membrane lining the epidermal basal cells is thicker than previously and numerous adepidermal granules are observed in the lamina lucida (Fig. 2 F,G) . The primary dermal stroma forms a regular layer that does not contain any cell body or cell prolongation. Its deep surface is lined by a layer of dermal endothelial cells that cover the muscle cells on most of their surface. The dermal endothelial cells are clearly linked to one another by desmosomes (Fig. 2F) . However, occasionally the primary dermal stroma is still in direct contact with the muscle cell surface (Fig. 2H) .
Formation of the plywood-like arrangement in the dermis of juveniles
In 10 dpf zebrafish, the skin is separated only by a short distance from the well-differentiated muscle cell surface (Fig. 3A) . The basal layer cells of the epidermis are still rich in bundles of microfilaments (Fig. 3B) . The deep surface of the primary dermal stroma is often lined by a layer of dermal endothelial cells (Fig. 3 B,F) , some of which show an intense activity of protein synthesis (Fig. 3F) .
However, in some regions, the deep surface of the primary dermal stroma is still in direct contact with the muscle cell surface (Fig. 3C) . A remarkable change in the organisation of the primary dermal stroma, however, has occurred in the dermis between 5 and 10 days of development. Indeed, the collagen fibrils of the upper region of the dermis have changed their spacing, orientation and organisation. From a loose primary dermal stroma composed of irregularly-spaced fibrils, mostly oriented parallel to the anteroposterior axis, it has now turned into a dense, regularly spaced network of collagen fibrils. The fibrils are organised into two to three layers, regrouped into the so-called lamellae, with a fibril orientation parallel to the skin surface (Fig. 3 D,E,F) . These lamellae show an orthogonal orientation of the fibrils with respect to each other. The fibril diameter (22 nm) remains unchanged, but the distance between them is now regular (20 nm). Except for some scarcely distributed pigment cells, the primary dermal stroma is, however, still acellular.
During the following days of development, the orthogonal arrangement extends deeper within the primary dermal stroma when new collagen fibrils are added. In 15 dpf zebrafish, the epidermis has thickened and a third layer is formed. A few specialised clear cells (mucous goblet cells) have differentiated and are actively involved in protein synthesis as demonstrated by the amount of organelles, such as RER cisternae and Golgi regions. The basal epidermal layer cells are still rich in large bundles of microfilaments (Fig. 3 G,H) . The primary dermal stroma is characterised, throughout its thickness, by the orthogonal arrangement of several lamellae of collagen fibrils, the diameter of which is unchanged compared to the previous stages. The deep surface of the dermis is irregularly lined by melanophores and plump, adjacent dermal endothelial cells. The latter have a cytoplasm rich in mitochondria, ribosomes, RER cisternae and secretory granules (Fig. 3 G,H) .
At 20 dpf, the skin features described at 15 dpf have become more pronounced. The basal epidermal cells are richer in bundles of microfilaments (Fig. 3 I,J) . The primary dermal stroma is thicker and the number of orthogonal collagen lamellae has increased. The characteristics of the collagen fibrils are nevertheless conserved, i.e., a 22 nm diameter and a regular spacing (Fig. 3 J,K) . Moreover, in certain areas, this regularly organised primary dermal stroma is penetrated by vertical bundles of collagen fibrils originating from the deep region of the dermis and reaching the deep surface of the subepidermal basement membrane (Fig. 3J) . These vertical bundles are lined by elongated cytoplasmic prolongations of the dermal endothelial cells bordering the deep region of the dermis (Fig. 3J) . These cells, which are connected by short desmosomes now constitute an uninterrupted layer covering the surface of the muscle cells. The features of their cytoplasm indicates that they are actively involved in protein synthesis. However, the primary dermal stroma is still acellular throughout its entire thickness, except at the level of the vertical bundles.
Remodelling of the primary dermal stroma in old juveniles and adults
Remarkable changes are observed in the skin organisation of 26 dpf zebrafish. First, the skin is now composed of four cell layers, significantly increasing its thickness to 14 µm in average (Fig. 4A) . 
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of the other epidermal layers in being roughly cuboidal and in having an electron-dense cytoplasm. The bundles of microfilaments have disappeared from the region facing the dermis and are replaced by an abundant network of RER cisternae, Golgi regions and mitochondria. Some small vesicles are seen to be fused to the cell membrane facing the dermis. The latter has thickened to an average of 5 µm, and it is characterised by the presence of numerous fibroblasts between the collagen lamellae. The cells are oriented with their long axis parallel to the fibril orientation (Fig. 4A ). The change, at 26 dpf, from an acellular to cellular dermis reflects a major modification in the skin organisation. The primary dermal stroma has changed into a secondary dermal stroma, also called stratum compactum. The fibroblasts located in its deep region are flat and elongated, while those in the upper layers close to the epidermis are plump, possess a large nucleus and a cytoplasm rich in RER cisternae, Golgi apparatus and mitochondria. At the deep surface of the stratum compactum, the layer of dermal endothelial cells is flat and delimits the deep dermal region, in which pigment cells are visible, from the muscle cells. This region, considered as the initium of the hypodermis, has been described by Whitear et al. (1980) in numerous teleost species. The last change concerns also the dermis, in which the plywood-like stratum compactum is now composed of collagen fibrils of a larger diameter than in the previous stages, about 50 nm. At 30 dpf the upper region of the dermis has been modified in relation to scale development (Fig. 4B) . Scale-forming cells have differentiated from the fibroblast population that has accumulated close to the epidermal cells. Dermal papillae have formed at specific loci, and scales are developing inside such papillae (see detailed descriptions by Sire and Géraudie, 1983 , Sire et al., 1997 , and Sire and Amimenko, 2004 . Scale development and growth take place in the upper part of the dermis (the so-called stratum laxum). Below the scale, the dermis is constituted by the stratum compactum characterized by a plywood-like organisation. This region contains numerous fibroblasts, distributed amongst a collagenous network showing a remarkably constant fibril diameter of 50 nm (Fig. 4C) .
During further growth, the collagenous stroma of the stratum compactum does not change its organisation, but, interestingly, the diameter of the collagen fibrils increases with time. We have recorded the fibril diameter for each stage of development and the results are expressed as minimum and maximum values, to better reveal the heterogeneity of fibril diameter in some stages (Fig. 5) . During the first ten days of development, the collagen fibrils show a constant diam- 
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eter of 22 nm without any variation. A similar value has been measured in 20 dpf specimens, but not statistically recorded at this stage. At 26 dpf the fibril diameter increases significantly, with a mixture of 22 nm and 50 nm fibril diameter. Interestingly, this increase of diameter is concomitant with the invasion of the stratum compactum by fibroblasts. At 30 dpf, when the scales are developing, the collagen fibrils show a constant diameter of 50 nm (with only a few 22 nm diameter fibrils). At 90 dpf, when sexual maturity is reached, the fibril diameter ranges from 50 to 70 nm (Fig. 4D) . In 2 year-old specimens, although some fibrils are 50 nm in diameter numerous reach 140 nm (Fig. 4E, 5 ). In 4.5 year-old zebrafish (a very advanced age for zebrafish), the maximum fibril diameter is close to 160 nm (Fig. 4F, 5 ).
The origin of the collagenous stroma From 24 hpf, the first stage in which collagens fibrils are observed in the subepidermal space, to about 26 dpf, when the fibroblasts invade the plywood-like stratum compactum, the matrix below the epidermis is strictly acellular. One µm-thick sections obtained from 48 hpf whole-mount hybridised embryos reveal Col1a2 trancripts (Fig. 6 A,B) . Although it is sometimes difficult to distinguish, detailed observations indicate that the labelled mRNAs are located in the cytoplasm of the epidermal cells (Fig. 6C) . Hybridised sections of 30 dpf juveniles show a clear label within the collagenous stroma, while the epidermal cells no longer express Col1a2 (Fig. 6 D-F) . The transcripts are located in elongated fibroblasts, in scale-forming cells and in the dermal endothelial cells lining the deep surface of the dermis.
To identify more precisely the location of the Col1a2 mRNAs during the first days of development, we have performed ultrastructural ISH on 72 hpf embryos. Labelling is found in the epidermis with a higher intensity of the signal in the basal layer cells (Fig. 7 A,B) . Transcripts are located in the cytoplasm, close to the cisternae of RER. A hybridisation signal is also detected in the dermal endothelial cells located at the surface of the muscle cells (Fig. 7B) . At 20 days, when the collagenous stroma is still acellular, gold particles are found both in the epidermal basal cells ( figure 7C ) and in the endothelial cells ( figure 7D) . In regions where the dermis is colonised by fibroblasts an intense labelling is observed in these cells, while the signal is less pronounced in the epidermal basal cells and in the endothelium layer (Fig. 7E ).
Discussion
We are thus able to interpret the differentiation of the skin and, particularly, to monitor stepwise the collagen secretion and remodelling of the dermis in this model fish.
The differentiation of the zebrafish skin: a dynamical interpretation
In the zebrafish the first dermal matrix starts to be deposited around 24 hpf, when a narrow subepidermal space is created between the epidermis and the surface of the differentiating the cytoplasm of the epidermal cells and so confirm that the epidermal cells are involved in collagen production. From 5 to 15 dpf the basal epidermal cells seem to slow down this process. From 15 to 20 dpf, their cytoplasm becomes electron-dense and is enriched in microfilaments, features that are typical of quiet basal epidermal cells in fish (Sire et al., 1997) . From 26 dpf the basal epidermal cells restart to show an active protein synthesis, concomitant with the presence of fibroblasts in the collagenous stroma, and with scale development. These epidermal features might be related to epidermaldermal interactions (production of signaling molecules) rather than to collagen synthesis (Sire et al., 1997) .
The subepidermal space is created before 24 hpf and the first collagenous matrix is distinguishable at that time. During the first five to seven days of development, the primary dermal stroma progressively fills in the subepidermal space that enlarges, and the matrix becomes denser (Fig. 8 A,B) . During this period, the collagen fibrils are mostly oriented in the same direction throughout the entire thickness of the primary dermal stroma. Between 7 and 10 days of development, the typical orthogonal (plywood-like) organisation of the matrix appears, first in the upper layers, then throughout the whole primary dermal stroma (Fig. 8C) . Remarkably, these changes occur in a space devoid of fibroblasts. Indeed, muscle cells. Together with, or soon after, the presence of the first deposited collagenous matrix, the first elements of a basement membrane line the deep surface of the epidermal basal cells. From this initial stage onwards the following morphological changes have been identified in the epidermis, in the subepidermal space and in the deep region of the skin (the future location of the hypodermis), the three tissues involved in skin differentiation.
The epidermis increases to three layers only after the 20th day of development (Fig. 8) . The first specialised cells, i.e. mucous cells, only seem to appear by 15 dpf, but such cells are present earlier because the skin needs to be protected as soon the fish is hatched. Other specialised features such as the sensory cells are also probably present early during epidermis development. Further studies are needed with respect to elucidating the development of the specialised cell types. During the 24 hpf to 5 dpf period, the cytoplasm of the epidermal cells, mainly that of the basal layer, shows features revealing active protein synthesis. Our in situ hybridisation experiments reveal the presence of Col1a2 mRNA in the primary dermal stroma remains acellular during the first 20-26 days of development. It is noteworthy also that the diameter of the collagen fibrils does not change during the 20 first days of development and remains constant at 22 nm. Starting from 20-26 dpf, the primary dermal stroma is invaded by fibroblasts of unknown origin. However, some pictures indicate that they are not derived from the dermal endothelial layer bordering the deep surface of the primary dermal stroma. Rather, they seem to come from a cell population migrating into the collagenous stroma from the connective tissue septa, particularly at the level of the mid-line (Fig. 8D) . Both their initial location, and their involvement in scale formation, indicates that these fibroblasts are possibly derived from a neural crest cell sub-population. The modifications occurring in the dermis at this 20-26 dpf developmental stage lead us to consider the collagenous matrix as the definitive, adult state of the dermis, i.e. the secondary dermal stroma, also called stratum compactum. Interestingly, a clear correlation exists between the penetration of the collagen matrix by the fibroblasts and the The developmental events occurring at the deep surface of the dermis are also relevant. At 24-48 hpf, when the first collagen matrix is deposited in the subepidermal space, the latter is lined at its deep surface by muscle cells. Some mesenchymal cells are scarcely distributed at the surface of the muscle cells. These mesenchymal cells, which show a fibroblastlike aspect, have been interpreted as the precursors of the dermal endothelium that will line the hypodermis in more developed skin. The scarcity of mesenchymal cells at the deep surface of the collagen matrix virtually excludes the possibility that these cells are responsible for the production of the collagenous matrix found in the subepidermal space. From 72 hpf onwards, the number of these dermal endothelial cells increases, and at 20-26 dpf they entirely cover the muscle cell surface.
TEM and in situ hybridisation experiments reveal that these cells are involved in collagen synthesis as soon as from 72 hpf onwards.
Taken together these results lead us to interpret the sequence of deposition of the collagenous stroma of the dermis as follows: (1) from 24 to 48 hpf, the epidermal basal cells produce the collagen matrix; (2) from 72 hpf to 20-26 dpf, both the epidermal basal cells and the dermal endothelial cells are involved in collagen production; (3) from 20-26 dpf onwards the epidermal basal cells cease progressively collagen deposition, while the dermal endothelial cells and the fibroblasts contribute to this production.
Collagen deposition by epidermal cells The processes described above for fish skin development are remarkably similar to what has been described for the formation of the chick cornea (Hay and Revel, 1969; Hayashi et al., 1988) . In three day-old chick embryos, the corneal epithelium secretes the primary corneal stroma. Next, mesenchymal cells destined to become the corneal endothelium invade the area close to the lens. Finally, the corneal stroma is invaded by corneal fibroblasts from the sides of the eye.
It is now well-established that epithelial cells are able to synthesise fibrillar and non-fibrillar collagens, as for type IV collagen in the basement membrane. To our knowledge type IV collagen has not been identified yet in the basement membrane of fish, but, recently, type XVIII collagen, another non-fibrillar com- From 5 dpf to 20 dpf, in the still acellular primary dermal stroma, the collagen fibrils organise progressively into a plywood-like structure, starting from the upper region. The collagen fibrils are arranged into thin layers that are disposed at right one to the other. The stroma has thickened and the hypodermis is formed at its deep surface. (D) Invasion of the primary dermal stroma by fibroblasts and collagen remodelling. This last step is characterised by (1) the differentiation of the intermediate stratum of the epidermis, (2) the invasion of the primary dermal stroma by fibroblasts, which are probably arriving from the myosepta, and (3) the remodelling of the collagen stroma with collagen fibrils increasing in diameter. The cells of the epidermal basal layer no longer synthesise collagen, which is now produced by the fibroblasts that have penetrated the dermal stroma. The cells of the dermal endothelium continue to produce collagen. my, myoseptum. (Haftek et al., 2003) and mouse (Miosge et al., 2003) . The results presented here indicate that the epidermal cells are also involved in fish in the production of fibrillar type I collagen in the primary dermal stroma. The interest for the epithelial production of collagen was initiated in a study by Hay and Revel (1963) .Working on skin development in the amphibian Ambystoma, these authors suggested that the collagenous matrix of the dermis could be produced by the epidermal basal cells as well as by the fibroblasts. It appears, therefore, that the production of fibrillar collagen by epidermal cells during the initial stages of development is a more common process in vertebrates than hitherto accepted. The production of collagen by epidermal cells of course raises the question of how this collagen crosses the basal lamina. Procollagen is processed into collagen after exocytosis and the assembly steps of the collagen fibrils occur in the subepidermal space. The first step before the formation of collagen fibrils consists of a proteolysis of the procollagen by removal of the NH 2 (depending on the collagen type) and COOH propeptides (Goldberg et al., 1975; Tuderman et al., 1978) . Does this proteolysis occur before or after crossing the basal lamina? Are there pores permitting these molecules to cross this boundary? These questions remain to be solved.
These findings raise the so far unsolved question of the genetic control of Col1a2 expression in the epidermal cells. In the mouse it is now clear that the dermal fibroblasts influence both proliferation and differentiation of keratinocytes (Ghalbzouri et al., 2002) .
The growth promoting effect of fibroblasts is induced by unknown soluble factors released from fibroblasts, and no direct keratinocytefibroblast interaction is required. Dealing with the zebrafish skin, we can only state that the end of the production of the collagen by the basal epidermal cells is concomitant with the invasion of the dermal stroma by fibroblasts.
Changes occurring in the dermal stroma How can collagen fibrils organise themselves within a subepidermal space devoid of cells? Although the genetics and chemistry of collagen type I are relatively well understood, the assembly of the molecules in a three-dimensional space is not (review in Ploetz et al., 1991) . Some in vitro studies of collagen type I fibrillogenesis have indicated that physicochemical forces lead to a self-assembly of the fibrils. In fact, the producing cells could regulate the selfassembly process by the manipulation of the microenvironment and the spatial and temporal determination of the matrix deposition (Ploetz et al., 1991; Veis and George, 1994; Brightman et al., 2000; Forgacs et al., 2003; Holmes et al., 2001) . However, the extracellular compartment, over which the cells have an influence is located close to the cell surface, i.e. at the cell-matrix interface (Ploetz et al., 1991) . The study of the production of collagen fibrils by the corneal epithelium has revealed how the cells can influence the organisation of the architecture of the matrix by polarized discharge of secretory products (Trelstad, 1970 (Trelstad, , 1971 Trelstad and Coulombre, 1971) . Thus, in the zebrafish skin the self-assembly of the fibrils in the primary dermal stroma could be regulated by the epidermal basal cells only in the vicinity of the basal lamina. This influence of the epidermal cells on a short distance could explain why the diameter of the fibrils remains constant throughout the thickness of the acellular primary dermal stroma. Proteoglycans, are probably also present in the subepidermal space of the developing zebrafish skin, have been shown to influence the fibril formation in vitro (Ruoslahti, 1988; Brown and Vogel, 1990) .
The transformation of the dense, homogeneous collagen type I matrix into a plywood-like organisation is also of interest. Ordered arrays of collagen fibrils have already been reported to occur in the dermis of adult species (Junqueira et al., 1983b) and are also known to occur in bone (Ascenzi and Bonucci, 1968) , fish scales (Meunier, 1983; Sire, 1987) , tendon (Gathercole and Keller, 1978; Birk and Trelstad, 1986) and cornea (Trelstad and Coulombre, 1971) . In the latter, the fibrils are grouped as bundles and the bundles are organised into orthogonal lamellae that describe a right-handed spiral resembling a cholesteric liquid crystal (Trelstad et al., 1982) . Such a regular arrangement of the fibrils is similar to liquid crystalline orders, and such a plywood-like structure has been obtained in vitro under precise concentration of type I collagen (Giraud-Guille, 1996; Giraud-Guille et al., 2000) . This self-organising process has been well studied as a paradigm to understand the formation of the twisted plywood of the collagen matrix in bone (Giraud-Guille, 1996) . In vivo, the remodelling observed during zebrafish skin development is probably in relation with the composition of the matrix, that is itself determined by the cells located at the surfaces of the primary dermal stroma, either the epidermal basal cells or the dermal endothelial cells, or both. By enriching the subepidermal space with an increasing concentration of collagenous matrix, the cells located at some distance of the matrix, such as the epidermal basal cells and the dermal endothelial cells in the developing skin, could be responsible for such a physical transformation.
Regulation of the diameter of the collagen fibrils
From 24 hpf to 20-26 dpf, the uniform 22 nm diameter of the fibrils, and some time later the uniform interfibrillar spacing, indicates that fibril growth is stabilised. This is once again similar to the description of the chick cornea, in which the collagen fibrils show a uniform diameter and uniform interfibrillar spacing. This stability is given up when the fibroblasts invade the primary dermal stroma at 20-26 dpf and come in close contact with the collagen fibrils. Together with this invasion, the fibril diameter is shown to increase progressively during subsequent fish life. This increase of fibril diameter can be achieved by two well-known processes: accretion of new collagen molecules deposited by the fibroblasts and/or fusion of existing fibrils. Several factors could be involved in the regulation of the fibril diameter. They include glycosylation of the collagen (Ibrahim et Harding, 1990) , procollagen processing (Kadler et al., 1990; Romanic et al., 1991) , collagen-proteoglycans interactions (Scott, 1986) , and interaction between collagen type I and type V (Fitch et al., 1984) . Recently, two proteoglycans, lumican and fibromodulin, have been shown to be involved in the stabilisation of the fibril diameter in mediating the entry into the fibril growth (Ezura et al., 2000) . The co-assembly of different collagen types to form heterotypic fibrils is another important factor that is known to regulate fibrillogenesis. For example, collagen type I and V are coassembled in the secondary corneal stroma (Linsenmayer et al., 1985; Fitch et al., 1988; Birk et al., 1988) . In the cornea, this assemblage is known to regulate the diameter of the collagen fibrils as demonstrated by in vitro heterotypic fibrillogenesis experiments. These showed that the diameter of the fibrils decreased when the ratio of collagens V/I increased (Birk et al., 1990) . A portion of the NH 2 -terminal domain, which is exposed at the surface of the molecule, prevents the growth of the fibrils (Linsenmayer et al., 1993) . In teleosts, previous biochemical analyses have shown that collagen type I is the prominent component of the elasmoid scales and that it co-exists with the minor type V (Zylberberg et al., 1992) . The occurrence of thin fibrils in the external layer of these scales is thought to be related to a large amount of type V collagen in this layer (Le Guellec and Zylberberg, 1998) . The presence of type V collagen has not been yet demonstrated in the zebrafish skin.
More data are, therefore, necessary to improve our understanding of skin formation in the zebrafish. We need to check whether or not the three α chains of type I collagen that are know to exist in zebrafish (Morvan-Dubois, 2002) are present in the earliest produced collagenous matrix. Similarly, we also need to know whether the other fibrillar type, collagen type V, is synthesised by the epidermal cells at such early steps of development, or whether it is only produced by the fibroblasts once these have invaded the dermal stroma. A number of questions, mainly those concerning the origin of the dermal cells, however, remains unanswered.
Materials and Methods
Wild type zebrafish were reared at a constant temperature of 28ºC ± 0.5ºC. The fish were killed with an overdose of anaesthetic (MS222). Entire fish or skin samples were next immediately immersed in the appropriate fixative. The following growth series was used: 15-, 24-, 32-, 48-, 72-, 96-and 120 hours pf, 7-, 10-, 15-, 20-, 26-and 30 days pf, and 3 month-, 2 yearand 4.5 year-old specimens.
For comparative purposes, we have used transverse sections in the same region in all fish examined, i.e., through the anal fin region, and perpendicular to the antero-posterior body axis. However, some sections were made at an angle of 45º to this axis to examine the 2D arrangement of the collagen fibrils. In addition, some observations were collected on the skin features in the anterior region of the body.
Transmission electron microscopy (TEM)
The samples were fixed in a mixture of aldehydes and embedded as previously described (Sire et al., 1997a) . They were observed either in a Philips CM120 or Philips 201 electron microscope.
In situ hybridisation (ISH)
Sense and antisense α2(I) cRNA riboprobes were prepared by subcloning the cDNA clone Colz1800 coding for the C-terminal region of the α2(I) collagen mRNA (Morvan-Dubois et al., 2002 ) into a Bluescript SK-vector. cRNA probes were labelled either with 35 S-UTP (1000 Ci/mmole; NEN, Les Ulis, France), or with DIG-11 UTP (Roche Diagnostic, France).
Whole mount ISH was carried out as described by Thisse and Thisse (http://www-igbmc.u-strasbg.fr/zf_info/zbook/chapt9/9.82.html). ISH on tissue sections was carried out as described previously (Le Guellec et al., 1994; Morvan-Dubois et al., 2002) .
Embryos were fixed in 4% formaldehyde in 0.18M cacodylate buffer (pH 7.4) and embedded in LR White. Hybridisation and detection of the labelling were carried out as described previously (Le Guellec and Zylberberg, 1998) . Thin sections were incubated for 16h in the hybridisation buffer (50% deionized formamide, 4 x SSC, 10% dextran sulfate, 1x Denhardt's solution, 100 µg/ml salmon sperm DNA) containing 10 µg/ml of biotinylated cRNA probe. Rinses were for 2 x 5 min in PBS. To detect the labelling, grids were incubated for 15 min in 0.1M phosphate buffer, pH 7.4, containing 0.65M NaCl, 0.05% Tween 20 and 0.5% ovalbumin (buffer A), then for 2h in rabbit anti-biotin serum (ENZO Biochem, New York, USA), and rinsed for 15 min in the same buffer. The grids were subsequently incubated for 15 min in 0.02M Tris-HCl pH 7.6, 0.65M NaCl, 0.05% Tween 20, and 0.5% ovalbumin (buffer B), then for 30 min in anti-rabbit serum conjugated with gold particles of 15 nm (Biocell, Cardiff, UK) and rinsed for 15 min in the same buffer. Thin sections were deposited for 10 min on a drop of 2% glutaraldehyde in PBS, rinsed briefly in distilled water, and stained with uranyl acetate.
